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ABSTRACT
The effect of heavy liquid fuel properties on the atomization characteristics is
introduced. Detailed measurements of the drop size and the velocity distribution
were obtainl!d for a twin fluid externally mixing atomizer. The Phase Doppler
Particle Analyzer is used in the current measurements. The simultaneous
measurement of drop size and velocity was the major importance in accurately
describing the changes in the local drop size distributions and mass flux. Result
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shows a noticeable decrease in droplet size distribution and the corresponding
droplets velocity with increasing fuel temperature. A mathematical model was
developed to predict the atomization process. The stochastic separated flow model
(SSF) at well as modified interaction mechanismktween the two ,nases of thespray were taken into account to improve the capabilities of the prediction method.
INTRODUCTION
The atomization of liquid fuels and the mixing process plays decisive role in
governing the combustion, stability, heat release and consequently the combustion
efficiency in general. While for heavy liquid fuels as special case (which is
considered as the most economical hydrocarbon fuel) , the properties i.e. , density,
viscosity and surface tension affect directly upon the atomization behaviour.
Consequently, the required atomization degree can be achieved.

Several experimental works [1, 2, J] were made using different types of
atomizers and fuels with different properties (viscosity in the range of 0.0013 to
0.0183 Pa.s). An empirical fonnula representing the change of Sauter Mean
Diameter (On) with respect to fuel properties and operating conditions ;"'as ~
proposed by Lefebvre [1]. The correlation was found to be good agreement with
the experimental data for the light fuel viscosity than that of the heavy one. So a
modified correlation for specifIcally heavy liquids is needed. In the present work
steady flow twin fluid atomization with externally mixing process was used. The
atomizer design facilitates the variation of the discharge area of fuel orifice. In
addition, a swirl generator in the air side was used in order to give the atomizing
air a tangential velocity component before the mixing process. In the twin fluid
atomizers, the nozzle geometry as well as the operating conditions (fuel pressure,
air pressure and the ambient conditions) plays an important role for governing the
atomization characteristics. In addition the physical properties of the liquid fuel in
general and in heavy liquid fuel as special case affects directly upon the spray
behaviour. The changes of the fuel properties with temperature were taken into
consideration with reasonable working temperature range (40-90°C). The effect of
the injection pressure and air pressure on the atomizing degree was taken into
consideration. The ambient conditions for the spray were kept constant at the
atmospheric condition.
In the theoretical field, different works [5-11] developed different
mathematical models. In the present work, the stochastic separated flow model is
used to predict the spray characteristics. The modified technique is used to
calculate the two phases (gas-liquid) interaction.
EXPERIMENTAL WORK
A schematic diagram of the experimental apparatus is shown in Fig. 1. It
consists mainly of an atomizer (2) mounted on a chamber (I) with two opposite
glass walls. The fuel system consists from a helical fuel pump (8) , fuel tank (5)
provided with an electrical heater (6). A traverse mechanism to allow 2D
measurements inside the spray zone has been provided. Suction system (14) with
variable suction velocity to prevent any clouds caused by the evaporation of small
droplets or the population of the very small ones inside the measuring zone was
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constructed. Several measuring devices were mounted in different measuring
points to adjust, control and measure the desired operating conditions. Figure 2
represents the design details of the atomizer employed in the present work. Two
lleparate paths fOf' air and fuel are used to ensure eeernaHy mixing process. A swirl
generator with swirl angle 30° is mounted inside the air path. This leads to enhance
the atomization process. The fuel nozzle inner diameter is I m. It is provided with
internal and adjustable needle. So the desired effective nozzle area can be obtained.
It can be adjusted between zero and the maximum area corresponding to the nozzle
diameter. In the present work, the experiments were carried out with maximum
nozzle area (~d~ ). The air cup with internal diameter 5 mm was used. A brief

4

description of the experimental work is given. Fuel is heated to the desired
temperature before entering the fuel pump. The fuel pressure is regulated to the
desired pressure via bypass valve. The fuel is then flow through the thermally
isolated fuel line to the injector. The fuel temperature is recorded at the entrance
to the atomizer. The fuel is then injected from the fuel nozzle (1 mm diameter)
tonning very dense spray ~ long solid core lengdt and narrow COfte angle. The
compressed air valve is opened and regulated to the desired quantity. The air flow
rate is measured via the orifice meter and the air pressure is recorded at the
entrance to the atomizer. By controlling the air pressure. the final required spray
characteristics can be achieved.
The He-Ne PhaseIDoppler Particle Analyzer (PIDPA) is used to measure the
local droplets size distribution, velrcity distribution and fuel concentration
simultaneously. The dynamic measuring range was 35 , so it covers a reasonable
range of droplet size and velocity. The scattering light from the droplets crossing
the laser beams intersection, is recorded and processed. A very high sampling rate
data acquisition system is used to overcome the local frequency of the spray
droplets.
The experiments were conducted in different operating modes. Fig. 3
represents the change of the fuel viscosity and density with temperature. The
decay of surface tension with temperature for the fuel used is shown also in Fig. 4.
The other properties of the fuel are as follows.
- Fuel type
: furnaces mazot.
- Flash point (bensky martin) : 94°C min - 132°C max.
- Pouring point
: 29°C min - 43 °c max.
- Sulphur% (by weight)
: 0.65 min - 2.64 max
Figure 5 represents typical output result from the data acquisition system of
the PIDPA . The figure shows the simultaneous droplets size and velocity
distribution. Some important statistical quantities for the droplets population are
obtained. These quantities are the average droplets diameter, the most probable,
the Sauter mean diamerer and others. On the other hand the average droplets
velocity and the corresponding r.m.s. are calculated and displayed as shown in the
figure.

•
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Figure 6 shows the effect offuel temperature on the Sauter mean diameter of
the droplets along the spray axis. Increasing the temperature, the droplets tends to
be smaller. The initial droplets formed in the spray represented by Dll depends
mainly upon the Weber nuqtber. So decreasing the viscosity and surfa~ te~Kln
with temperature leads to increase in Weber (We) and Reynolds number (Re) and
finally decrease the initial Dn. On the contrary the droplets initial velocity
increases with increasing the fuel temperature as shown in Fig. 7 but with narrow
changing range. This can be attributed to the decrease of the fuel density with
increasing the fuel temperature as shown in Fig. 3, on which the fuel jet velocity is
proponional to the reciprocal of the square root of the density. The following
empirical form representing the axial spray velocity was obtained.

0)
Form the dimensionless analysis, it has been shown that the basic drop size
empirical formula for twin fluid atomizer can be represented by Lefebvre [1]
correlation.

Where, A, B, C and D are correlation constants. By applying the present
experimental data on the last equation, the following constants can be obtained
A=0.012
B=-0.5
C=0.52
D=0.5,
AF is the air to fuel ratio by mass = 8.5 , other values can be used.
1

and

We = P A U ~ do / a (t)
Re = PL (t) U R do /)1 (t)

The change of the fuel properties with temperature is correlated as follows:
a (t) = 0.0336 - 65.6E-6 (t-40)
t> 40°C
P (t) = 945 - 656 (t -20)
t > 20°C
!let) = 8 Exp (725/ 82.25 + t)
t> 40°C
The ability of equation (2) to correlate the values of Dn obtained,
experimentally is illustrated in Fig. 8. The radial droplet size distribution at the
spray cross section is shown in Fig. 9. It is clear from this figure the effect of the
fuel temperature on decreasing the radial droplet size distribution. This can be
attributed to the reduction in the initial droplet size distribution with respect to fuel
temperature.

THEORETICAL WORK
The proposed mathematical model in the present work is based on the
strongly coupled set of nonlinear partial differential equations. These are the
continuity, momentum and energy equations for both gas and liquid phases. The
two equations for turbuJent flow (k-e) are used also. The gas phase motion is
considered as steady, 3D, compressible and turbulent flow.

c
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Gas Phase Equations
According to the last assumptions, the conservation equations of continuity,
momentum (3~) and the energy ;quations are employed to simulalF the gas phase.
The equation of state is used also to calculate the air density. The general fonn of
the conservation for the continuum phase is as follows.

p:; PI RT

and

Where ~ is anyone of the dependent variables U,V,W. H,k and E. The
effective diffusion coefficient is denoted by r., and S,L are the source ofq,
from the gas phase and the liquid phase respectively Detalled expressions for each
dependent variable source term are listed in (12]. The finite volume, with iterative
scheme is use4 to solve the elliptic flow.in Eularian domain. The ph,sica1 domain
is covered with 16x10xl0 grid. The SIMPLEC (14] algorithm is used for more
accurately calculating the pressure field and to accelerate the iteration procedure.

S.

Liquid Phase Equations

The liquid phase which is the discontinum phase, consists from the spray
droplets. The droplets conservation equation can be written in Lagrangian form as
fonows.
(4)

Where.

-= 27 I Reo 84

for

0< Re < gO and

CD;;: 0.27l Re0 2I7

for

80 < Re < 10000

CD

The conservation equation of energy can be put in the following fonn.
mL CpL (dT / d1:) "'" AL h (Ta - Td + L (dmL / dt)
The rate of droplets temperature increase becomes as follows.

(5)

where, h is the coefficient of heat transfer and it can be calculated from the Nusselt
number according to the following correlation r15,16] :.
Nu = p 0.54 Re
for 100 < Re < 100
Nu = fl (2 + 0.6 Re lll Prl/J)
for Re < 100
where Pis a correction factor to consider the effect of mass transfer (17J
P=Z/(eZ-l)

and,

z· -[ CP,(:~)/lCD K NU]

·
SHABANA H.

M.145

WILSON S.A. SYAM A.R

The Sherwood number (Sh) and the diffusion coefficient (DJ required for solving
equation 6 can be found from following relations [18] :Sh:::: 2 + 0.6 Re 1l2 Pr ll3

•

Dc

= Do ( Ts)
To

(PO)
Pa

DropJets Gas Phase Interaction
The effect of the droplets motion on the gas phase turbulence level appear as
a pseudo turbulence shear stress [121 in the source term of the gas phase. This can
be represented in the following tensor notation.

= J.Lps [(BUjIOxj) + (8Uj/Oxj)]

ti)p.

(7)

Where,

The effect of the gas ;;!'I:lse on [he droplets motion depends on the time
interval over which the droplets interact with the randomly sampled gas phase
velocity fluctuation. This is determined by the slip velocity and the droplet
residence time within a turbulent eddy. The residence time is estimated as foHows.

'r

=

,

I
In [J - - U R ]

,

(8)

Where, t is the droplets relaxation time = (8/3) Pg RL / (CD UR)
and 1 is the turbulence length scale,
I = C)!4
Jell] / E
)J
C)J =
0.09
The eddy life time is estimated form the following expression;

re = 1/11'

=

1/(% k/IZ

The droplets turbuler.ce interaction time is considered as follows :'t int =

min ('t r

~ 't e )

The instantaneous turbulence velocity of the air field is used in the
calculation of the drag force. This can be represented by using the local turbulent
kinetic energy and random number generator. The Gaussian probability
distribution function is used to define the fluctuation components of the air velocity
[12] as follows:
u =. ij + ul
and
11'

= tp .JOlt) k

qJ ...

{2In (11 Rn)/s.Rn is random number from random number generalorbefWleell (0.001101)
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Initial and Boundary Conditions

The initial velocity of air and fuel issued from the nozzle is calculated as a
function of pressure drop across the orifice of air and fueJ. respectively.
uf

2(P) - Po)

=

Pf

ua--

mf =::. CdPfu f A I1
Anis the effective fuel nozzle area
Cd is the coefficient of discharge = 0.75
The amount of fuel injected during the time interval is used for calculating
the initial size distribution of the droplets after the breakup process.

mr::::

f mf dt :::: I

ni ~Dfpr

•.

The droplets size distribution Di and the number of droplets in the same size
group nj can be obtained from the probability distribution function. In the present
work Tanaswa and Tesima (T -T) [19] distribution function is used.
Breakup Length

.In twin fluid atomizer, the breakup mechanism 1S somewhat complicated than
that of the solid injection. Special technique [4] is used to define the solid core
length. The method depends on calculating the breakup length (13] for the solid
injection only at fIrst. Modification is made to correct the value of the breakup
length according to the air stream effect as follows.
if Oh> 740 Re-l. 22
then tb = 375000' (d~28p~'OS ~pI.J7)
10:=

2.9[(AP/PI)a.sdotbr~

1b /10

= WeO.0075 Re 1l5 Exp( -O.0143Re ll' )

Operating Conditions

The proposed mathematical model was used to simulate the atomi2ation
process for the twin fluids atomizer with different operating conditions. Table I
shows these conditions as fol1ows:Table 1 : Operating conditions for the prediction model

Run number
1
2

Fair (bar)

P~..1r (bar)

1.5
1.5

1
1

Pr(bar)
1.1
1.4

T£iOC)
90

90

RESlJLTS AND DISCUSSION
The proposed mathematical model is used to study the spray characteristics
of the twin fluid atomizer with heavy liquid fuel. Parametric study has been carried
out with different operating conditions. Comparison is held also with experimentaJ
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data to validate the assumptions of the mathematical model. Fig. 10 and Fig. 11
represent the spray droplets pattern. Form this figure it is clear that the effect of the
gas phase turbulence on the droplets dispersion appears on the smallest droplets
than that of the big one. !he heavy droplets tends to be in-the spray core. The
momentum of the big droplets increase their ability to penetrate the turbulence
eddies without noticeable effect. For this reason the dispersion of droplets resultant
from the flow turbulence effect is concentrated mainly upon the smaller size of the
droplets. It can be seen from these figures the effect of the fuel pressure on the
spray cone angle. Increasing the fuel pressure, the droplets tend to be smaUer. The
slip velocity between the air and droplets decreased, so the smaller droplets takes a
higher angular momentum and consequently higher centrifugal force. This leads to
increase spray cone angle. Fig. 12 represents the velocity vectors of the air pattern.
From this figure; it is clear that the air velocity takes its maximum value along the
spray centerline. The highest value of the enfrained air velocity in the spray zone
lies near the injector and reaches its maximum value at the spray tip. This may be
attributed to the small momenrum exchange. Fig. 13 represents the comparison
between theoretical and experimental ::fatl for the fuel concentration along the
spray centerline. The comparison shows a fair agreement, specially near the spray
tip. While in the middle zone, the prediction gives an over estimation than the
experimental data. This can be attributed to the absence of the droplets collision
simulation from the mathematical model.

CONCLUSION
It is clear from the experimental data the great effect of the fuel properties
as well as the operating conditions on the spray droplets size represented by DJ2.
Also the correlation which define D)2 is obtained.
An improved mathematical model is used taking into consideration more
accurate initial and boundary conditions.
Breakup length and interaction
mechanism. The comparison with the experimental data shows a fair agreements.
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NOMENCLATURE
A
AF

CD
Cp
DC'
Di

do
dL
~2

h

Droplet surf<lce Area
m2
Air 10 fuel ratio.
Drag coefficient.
Specific heal
j/lq~ K
Diffusion coetftcient
Droplet diameter in
the size group i
m
Fuel nozzle diameter
m
Droplet diameter
m
Sauter mean diameter
m
Coefficient of heal transfer w/m2 K

H
I
K
L

mr
Nu
nj

Oh

Enthalpy
Breakup length.
Thermal conductivity
Latent heat of fuel
Local fuel mass
conceRleration
Nusseh number
Number of droplets
in size group i
Ohnesorge number

=J.iL I JC1[PL tio

m
w/mK
jlkg

kg
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P
Pr
R

•

Re

Rv
Sc
Sh
T
t

U,V,W

Pa

Pressure
PrandLle number
Droplet's radius
Reynolds number
Vapour gas constant
Schmidt number
Shenvood number
Tempemture
Tempcraru.re
Velocity components
in x. y, z directions
respectively.

We
().

m

•

j1kgK

r,
•

k
f.L

K

·c

p
cr
't
'tij
E:

WILSON S.A. SYAMA.R.
Weber number
Void fraction.
Effective diffusivily
coefficieDts for variable"
Turbulent kinetic energy
Dynamic viscosity
Density
Surface tension
Time
Shear stresS
Energy di~ipati.on rate

rnIs

Subscripts
A

e
g
L
0

s

Air
Eddies
Gas
Liquid
Initial
Separation

v
R
int

b

Vapour
Relative
Residence
Interaction
Breakup

m2/ s1"
Pas
kw'm3
N/m

sec
N/ml
m1/s1/s
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Velocity vector scale:; mls per 1 mm.
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